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ABSTRACT
Many studies have indicated that leaflet fluttering and associated bending in bioprosthetic heart valves (BHVs) is an important criterion in determining the durability of BHV implants. In this thesis work, a computational methodology for the flutter quantification of BHV leaflets is presented using an immersogeometric fluid-structure interaction (FSI)
framework. The proposed approach is based upon displacement tracking of the BHV leaflet free edges. Integrating over the discrete Fourier transform of free edge displacement data, the energy spectral density is computed for a measure of leaflet flutter. This methodology seeks to improve approaches used in experimental flutter quantification through utilization of highly accurate simulation solutions and visualizations to capture a measurement of leaflet flutter. A set of sampling cases with varying valve material thickness are generated and FSI-based flutter quantification is performed to investigate the effect of leaflet material thickness on the presence of flutter and associated bending in BHV leaflets.
1
CHAPTER 1. INTRODUCTION
For patients suffering from heart valve malfunctions or deficiencies, prosthetic valve replacement is often the only solution [1] . These instances, which are most commonly found in the aortic valve, contribute to the more than 90,000 prosthetic valve implants that take place in the United States each year [2] . A variety of prosthetic valve implant devices exist, the most common of which are bioprosthetic heart valves (BHVs). Designed using chemically treated porcine or bovine pericardial tissue, which is then sutured to a stent structure, BHVs are intended to emulate the blood flow pattern and valve motion of the original native tissue [3] . Having been introduced more than 30 years ago, BHVs continue to face deficiencies in long-term durability due to tissue deterioration. The limited durability of these valves is evident in leaflet tearing [4, 5] and calcification of the pericardial tissue [6, 7] . This lack of structural integrity can often lead to additional surgical procedures for replacement of BHVs typically after 10-15 years [8, 9, 7] .
In a search to improve BHV durability, many reports have identified the fluttering of the implant's leaflets in the blood flow as a crucial quality criterion in BHV design [10, 11, 12, 13] . It is known that the tearing and calcification of BHV tissue often takes place in areas of the valve that experience sharp bending and fluttering motions in the blood flow [4, 5, 14] . The regions of the BHV leaflet most commonly affected by tearing of the valve are the free edge cusps of each leaflet as well as the sutured attachment of the leaflets to the stent support [9] . Experimental works have been completed to establish methods for quantifying the flutter of BHV leaflets. These approaches utilize different methods for tracking the leaflet free edge motion with varying levels of accuracy [15, 16] .
The focus of this thesis is to provide a comprehensive quantification of the fluttering and bending of BHVs by way of computational fluid-structure interaction (FSI) analysis [17, 18, 19, 20] . This approach provides access to a precisely defined BHV motion which, relative to experimental approaches, enables more accurate capture and quantification of valve leaflet flutter and bending. Furthermore, the hypothesis of this thesis is for the proposed approach of flutter quantification to be extended for future use in BHV design optimization in pursuit of increased long-term valve durability.
This work is dependent upon the use of geometrical computer models of heart valves, a concept which is actively gaining ground in the medical device industry. Previous academic research has suggested that spline surface and curve representations using computer aided design (CAD) tools are capable of accurate geometrical representation of native heart valves taken from segmented medical image data [21, 22, 23] . Thus, a natural and likely beneficial direction for effective BHV analysis is to employ an isogeometric analysis (IGA) approach.
The concept of IGA was first introduced by Hughes et al. [24] to provide a connection between design and engineering analysis techniques. The cornerstone of IGA is the practice of using a designer-generated geometry directly as the computational analysis model, discarding any need for converting CAD geometries into finite element or finite volume meshes for the purpose of performing analyses. Although the initial geometry development of heart valves based on segmented medical image data entails a high level of complexity, the benefits of IGA allow this initial representation to be used directly for the analysis of the valve as well. Previous work completed by Morganti et al. [25] , which focused on the idea of patient-specific BHV design, produced findings showing that IGA has the ability to substantially increase accuracy in the mechanical analysis of a valve compared to a traditional finite element approach. Thus, the present study makes use of the advantages of IGA to provide a precisely defined BHV geometry to be used for FSI simulation and flutter quantification analysis.
Much of the motivation for this thesis is derived from current medical device industry trends which favor minimally invasive BHV implant operations. As a result of evolving surgical capabilities, heart valve implants are increasingly performed using transcatheter implantations [26, 27] rather than open surgical procedures. Transcatheter implants offer a minimally invasive procedure for the patient, but direct surgical access throughout the procedure is reduced and the replacement valves must be designed accordingly. Thus, a compact valve design is of utmost importance. A clear approach to reduce the size of the valve implant is to decrease the valve leaflets pericardial tissue thickness [28] . As will be shown in the later chapters of this thesis, the effect of flutter and leaflet bending is dramatically influenced by a change in the thickness of the leaflet tissue. In this work, this relationship is used to demonstrate the effectiveness of the proposed FSI-based flutter quantification methodology.
The remainder of this thesis is organized as follows. In Chapter 2, the methodology employed in this work is discussed, including the details of the FSI simulation framework, development of the spline-based valve and aortic root geometries, and the formulation used 
CHAPTER 2. METHODS
Numerical methodology
The BHV FSI simulations in this thesis are carried out using the immersogeometric framework developed by Hsu et al. [17] and Kamensky et al. [18] . The FSI system of BHVs includes the dynamics of blood flow, the artery wall, and the BHV leaflets. The immersogeometric framework models all of these sub-problems and accounts for the their coupling effects. The key components of the framework are briefly reviewed here. Note that all of the following formulations are posed on domains discretized with splines.
The blood flow in a deforming artery is governed by the Navier-Stokes equations of incompressible flows. The equations are numerically solved using the variational multiscale (VMS) [29, 30, 31, 32] formulation on an arbitrary Lagrangian-Eulerian (ALE) frame. The ALE formulation, which is a widely used approach for vascular blood flow applications [33, 34, 35] , is used to model the fluid domain motion resulting from the deformation of the artery wall. The VMS formulation can be interpreted both as a stabilized method [36, 37, 38] and as a large-eddy simulation (LES) turbulence model [36, 29, 32] . When combined with IGA discretizations, the VMS formulation yields significant accuracy advantages over its finite-element counterpart [32] .
The structures in the FSI system, namely the artery wall and the BHV leaflets, are modeled using the following approaches. Solid elements are used to model the artery wall, and its motion is governed by the equations of large-deformation elastodynamics written in the Lagrangian frame [39] . The leaflets, on the other hand, are modeled as thin shell structures. The rotation-free hyperelastic Kirchhoff-Love shell formulation [40] with an isotropic Fung-type material model [19] is employed in this thesis. In a complete cycle of the BHV motion, the leaflets will close subject to the diastolic transvalvular pressure, causing contact between leaflets. In the present work, a penalty-based approach is used for sliding contact and contact conditions are imposed at quadrature points of the shell structure [18] .
Finally, the fluid-structure interactions are coupled in the immersogeometric framework using various approaches. The discretization between the blood flow domain and artery wall is assumed to be conforming and is handled using a monolithic FSI formulation described in detail in Bazilevs et al. [41] . For the leaflets, due to the issues associated with mesh distortion raised by the large deformations and topology changes, the shell structure is immersed into the background fluid domain. A Lagrangian multiplier field is used to enforce the FSI constraints on the immersed fluid-structure interface. Readers are referred to the aforementioned references for the details of the FSI numerical methodology used in this thesis.
Problem setup
The aorta geometry is constructed based on the statistics regarding adult aorta sizes obtained from 2D echocardiographic images [42, 43, 44] . The same parameterization method described in [42] is used for modeling the sinus as shown in Figure to be continuous at their junction. The lumen surface, including the three parts described previously, is shown in Figure 2 .1b. Male Adults (68 patients) [43] Male Adults (310 patients) [44] Selected Parameters
32.6 34 ± 3 33.6 ± 3.9 34
The workflow of constructing the patient-specific aorta computational mesh in [20] 
Parametric Design of Aortic Root reconstructions from MDCT angiographic scan in 12 pathological cases. The MDCT scan was performed using a SOMATOM Definition Dual Energy scanner (Siemens Medical Solution, Forchheim, Germany) with retrospective ECG gating and collimation 32 Â 0.6 mm. Telediastolic images with less motion-artifacts (70-85% of the R-R interval) were transferred to a workstation for threedimensional reconstruction (Volume Rendering) using a postprocessing software provided by the CT-machine company.
From 3D VR images, both long-axis and short-axis views were reproduced with the aim of comparing the measures with those obtained in the 3D model generated by our software. In particular, ratios between parameters were computed to highlight the morphologic characteristics of the echo-based model and compared with those obtained from CT reconstructions. The considered ratios are detailed in the following (Table 2) .
From long-axis view:
-H v /D max to characterize the shape of the sinuses.
-D max /D stj to characterize loss of sinotubular junction.
-H tr /H v to characterize the height of the interleaflet triangles in relation to the valve height. 
Results
Based on the measures obtained with 2D echo in 12 patients diagnosed with aortic root dilatation with and without aortic valve regurgitation we obtained the following data:
Qualitative assessment (see Fig. 5 ) The profiles obtained with MDCT and with the 3D echo-based model showed similar morphology with the model representing faithfully, in a qualitative sense, the shape of the aortic root reconstruct by the MDCT. simplified by assuming the stent to be rigid and stationary due to its large stiffness relative to the leaflets and the artery wall. Finally, the strain-energy density function in the leaflets is described using the following isotropic Fung-type material model [19] :
where the coefficients are specified as c 0 = 1.0 × 10 6 dyn/cm 2 , c 1 = 2.0 × 10 5 dyn/cm 2 , and c 2 = 100. The density of the leaflets is 1.0 g/cm 3 . In this thesis, the focus is to quantify the the flutter in BHVs using variations of leaflet thickness. Thus, a baseline leaflet thickness of 0.0386 cm is used and several cases with different thicknesses are examined in the following chapters.
Flutter quantification formulation
In the experimental realm, as in the works of Condurache et al. [16] and Avelar et al. Newland [47] , can be performed:
HereX kl represents the k, l element of the discrete Fourier transform matrixX and N 1 and N 2 are the lengths of the first and second dimension domains, respectively. In this work, N 1 represents the number of free-edge tracking points and N 2 represents the number of time steps. This Fourier transform, denotedX n , where n is the leaflet number, is computed for the displacement magnitude signal for each of the three BHV leaflets.
The energy spectral density of the flutter motion, E leaflet n , of leaflet n is then defined as the integration of the squared absolute frequency given by the Fourier transform of the displacement magnitude signal:
where S and T are the spatial and temporal frequency domains, respectively. For the flutter measure over the full BHV, a sum of the energy spectral density over the three leaflets is computed:
Finally, a high-pass filter term is applied to the total energy spectral density. This filtering is designed to remove any energy contribution from the natural shape of the valve leaflets and the natural motion of the valve during the opening period. The resulting measure of flutter for each leaflet, denoted E HP n , captures the contributions of jerky leaflet flutter and associated bending alone. The temporal and spatial high-pass frequencies f HP and ξ HP are defined empirically as discussed in Section 3.2. Again, the high-passed flutter energy for the full BHV is taken by the sum of the contribution from each of the three leaflets:
dT dS, n = 1, 2, 3 , (2.5)
This formulation enables the quantification of valve flutter using a measure of the total energy in the flutter and leaflet bending motion. Key quantities to be reported from the proposed method are the high-pass-filtered flutter energy as well as the peak oscillating frequencies of the leaflets in the temporal and spatial domains. These values correspond to the dominant frequency of the leaflet oscillating back and forth during the opening period and the dominant frequency of the curvature along the free edge, respectively.
CHAPTER 3. RESULTS
Leaflet thickness study
This section makes use of the FSI simulation framework discussed in Chapter 2 to explore the effects of BHV leaflet thickness. Simulations are conducted as previously described, each with a different BHV leaflet thickness and all other aspects of the simulation held uniform.
Because there is strong incentive to vary the thickness of transcatheter BHV leaflets, this work performs flutter quantification analysis on multiple cases with varying leaflet material thickness. For the sake of consistency with previous BHV dynamic simulation studies [48, 18] , a baseline leaflet thickness of 0.0386 cm is defined. The remainder of the thickness cases are defined with respect to this baseline model; a range of valve thicknesses are explored, both above and below the baseline dimension and are shown in Table 3 .1. 
Flutter quantification of leaflet thickness study
This section discusses the application of the previously presented flutter quantification methodology to the varying leaflet thickness cases described in Section 3. Table 3 .1. Displacement magnitude is plotted using a color scale relative to the baseline thickness case in sub-figure (b), ranging from 0 (blue) to ≥ 0.75 cm (red). Figure 3 .4: Displacement magnitude visualization for free-edge tracking points throughout the valve-opening period. Rows of sub-figures shown correspond to valve material thickness cases 1-4 as defined in Table 3 .1 and columns represent the three valve leaflets. Displacement magnitude is plotted using a color scale relative to the baseline thickness case, ranging from 0 (blue) to ≥ 0.75 cm (red). Figure 3 .5: Side view of displacement magnitude visualization for free-edge tracking points throughout the valve-opening period. Rows of sub-figures shown correspond to valve material thickness cases 1-4 as defined in Table 3 .1 and columns represent the three valve leaflets. Displacement magnitude is plotted using a color scale relative to the baseline thickness case, ranging from 0 (blue) to ≥ 0.75 cm (red).
From Figure 3 .3, a generally parabolic shape is observed along the free edge index domain. This feature of the surface plots is a product of the natural shape of the BHV during opening. Due to the suturing of the leaflet to the rigid stent at either end of the free edge, the geometry of the BHV inherently allows for larger displacement near the center of each leaflet, leading to a parabolic trend of displacement along the free edge. In the time domain, the simulation time step discretization allows for nearly 3000 frames to be As mentioned previously, the surfaces shown for each thickness case in Figure 3 .3 correspond to one of the three BHV leaflets. Table 3 .1.
Amplitude is plotted using a color scale relative to the baseline thickness case in sub-figure (b), ranging from 0 (blue) to ≥ 0.004 cm (red). Table 3 .1 and columns represent the three valve leaflets. Amplitude is plotted using a color scale relative to the baseline thickness case, ranging from 0 (blue) to ≥ 0.004 cm (red).
flutter behavior becomes much more prevalent. Figure 3 .5 provides such a view, where the oscillatory behavior of the 50% and 25% thickness cases can be clearly shown in comparison to the smooth displacement trajectory of the 100% thickness case. The large amplitude flap motion of the 200% case is also clearly displayed from this view.
The next step in the quantification method is the computation of the discrete Fourier transform of the displacement magnitude data as described by Equation (2.2). Table 3 .1. Amplitude is plotted using a color scale relative to the baseline thickness case in sub-figure (b), ranging from 0 (blue) to ≥ 0.004 cm (red). Figure 3 .9: Identification of band-pass filter domain empirically defined for the elimination of low frequency components introduced by the natural shape and motion of the leaflet. Rows of sub-figures shown correspond to valve material thickness cases 1-4 as defined in Table 3 .1 and columns represent the three valve leaflets. Amplitude is plotted using a color scale relative to the baseline thickness case, ranging from 0 (blue) to ≥ 0.004 cm (red).
Calculated quantities of interest for each thickness case are reported in Table 3 .2. Values reported for the quantification of flutter include the high-pass-filtered energy spectral density E Filtered , and f peak and ξ peak , the peak temporal and spatial frequency contributions of the filtered domain greater than the defined band-pass frequency boundaries. From these results, it is clear that the baseline leaflet thickness case exhibits the least flutter of those included in this study. In contrast, the 200%-thickness case produced the highest flutter measure due to the large-amplitude, rigid-leaflet flap near the beginning of the valve-opening period. Cases 3 and 4 produce similar measures of flutter energy, yet the 50%-thickness case measured slightly higher than the 25% model. Figure 3 .6 suggests that the higher flutter energy in case 3 is a result of the high-amplitude flutter at the peak resonating frequencies compared to the amplitudes observed in case 4. Regarding the reported spatial frequencies, readers are reminded that the Fourier transform operations in this methodology are performed using discrete data sets. For this reason, the peak spatial frequency values, corresponding to the number of oscillation cycles per centimeter along the leaflet free edge, will be reported from a discrete set of computed frequency solutions. Further, the quantification of peak oscillating frequency values in the temporal and spatial domains could potentially provide insight in the design of future BHV devices.
Significance of results
Knowing the frequencies at which a BHV design will flutter can allow for designers to construct improved leaflet designs by ensuring that the resonant natural frequency of a design does not coincide with the oscillatory frequency of flutter. Ultimately, this could lead to improved durability.
In the interest of transcatheter BHV implant device development, designers seek to reduce the spatial occupancy of the BHV for streamlined implant delivery. This work concretely demonstrates that a major reduction of valve material thickness may impose further consequences related to long-term valve durability due to an increased presence of leaflet flutter.
Future work
In this thesis, the proposed methodology has been implemented on a limited sample size of varying leaflet thickness cases. The results presented here clearly support the current baseline leaflet thickness to achieve minimal leaflet flutter. The intent of this work is not to provide an alternative, superior leaflet design for reduced flutter, but to demonstrate the effect that a single parameter can have on both the structural integrity of the valve and the velocity dissipation of the blood flow. 
